INTRODUCTION
CrN is an important material system used for hard protective coatings [1] [2] [3] . The CrN 0 K ground state is an orthorhombic structure with an anti-ferromagnetic (afm) ordering realised by (110) planes of alternating Cr spins up and down [4] [5] [6] . At a temperature ≈ 273 K [1] , a magneto-structural phase transition takes place, and CrN adopts cubic B1 (NaCl prototype) structure with paramagnetic (pm) state.
An extensive ab initio work on transition metal nitrides in general, and on CrN-related materials in particular, providing insight and theoretical guidance for experiments has been performed in the past years [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The early works ignored the magnetic nature of pm-CrN [7, 10, 25] and simply treated it as non-magnetic material (i.e. fulfilling the condition of the macroscopic magnetic moment to be 0); however, this has been shown to lead to a significant overestimation of its bulk modulus [13] and an underestimation of lattice parameters [13, 24] . Therefore, the most recent works considered explicitly the non-zero local magnetic moments. Nevertheless, the paramagnetic phase is challenging for description within the periodic crystalline model conveniently adopted by first principles calculations. Several methods have been proposed over the years [16, 20, 23, 24, 26] . Here, we adopt a supercell-based approach [12, 20, 24] with spins up and down being distributed on the Cr atoms according to a Special Quasi-random Structures (SQS) [27, 28] scheme, which provides a mathematically rigorous recipe for generating supercells with as random as possible arrangement of atoms (or spins in this particular case).
The electronic structure of perfect CrN has been addressed previously by ab initio calculation [7, 9, 15, 17, 18] as well as by experiments [25, 29, 30] . In this paper we report on ab initio calculations of stability changes induced by point defects in pm-CrN. The electronic structure and Electron Energy Loss Near Edge Structure (ELNES) spectra are discussed in conjunction with N vacancies, and the results are carefully compared with recent experimental reports [25, 30] .
CALCULATIONAL DETAILS
The structural models for cubic pm-CrN including vacancies were generated according to the SQS method [22, 24, 27] by optimising the short-range order parameters up the 5 th nearest neighbour distance for supercells containing 64 sites (32 Cr and 32 N). The paramagnetic state was modelled by assuming Cr spin up and Cr spin down as two inequivalent species within the SQS scheme. The supercells were structurally relaxed using the Density Functional Theory [31, 32] implemented in Vienna Ab initio Simulation Package [33, 34] employing projector augmented wave pseudopotentials [35] with the local (spin) density approximation (L(S)DA) [31] for the exchange and correlation effects. Additionally, the on-site Coulomb interaction term, +U = 3 eV, was applied to Cr d-states to improve the electronic structure description [6, 13, 16, 23] . Plane-wave cut-off energy was set to 500 eV and the Monkhorst-Pack mesh had 6 × 6 × 6 k-points.
The Electron Energy Loss Near Edge Structures (ELNES) were modelled using a Telnes program which is a part of the Wien2k, an all-electron full-potential implementation of DFT. The optimised supercells from VASP were taken as inputs for the structural descrip- tion of paramagnetic CrN x . Spherical harmonics up to l max = 10 and plane-waves up to a cut-off defined by R MT K max = 7 together with the muffin-tin radii of R MT (Cr) = 2.00 Bohr and R MT (N) = 1.72 Bohr) were used for expansion of the total wave function on an automatically generated grid with 45 k-points. The ELNES were calculated using a Slater's transition state in which 0.5 e from the initial core state was put into the conduction band (final states) [36] .
RESULTS AND DISCUSSION

Stability of point defects in CrN
Energy of formation, E f , is a measure of the chemical stability of a compound. It is calculated as
where E tot (X) is the total energy of X per atom in its stable configuration, and M and N are the numbers of Cr and N atoms, respectively, in the (defected) supercell representing CrN x .
Our calculations show that out of all the here investigated defects, the most stable configuration is the perfect (undefected) CrN (see Fig. 1a ). Both N vacancies and Cr vacancies yield almost linear increase of the energy of formation as their concentration increases. The overall N content can be decreased by N vacancies as well as by an introduction of Cr interstitial or Cr anti-sites. However, our predictions suggest that the latter two types of defects possess significantly higher energy than structures with the same chemistry obtained using N vacancies. We therefore conclude that when CrN material is N-deficient, it happens most likely due to the formation of N vacancies, which is in agreement with experimental observations [25] .
The situation is not straightforward for the N-rich side (x > 1) of the diagram in Fig. 1a . For example, for x ≈ 1.04, E f of structures with N interstitials is only 28 meV/at. higher than when the same composition is obtained by Cr vacancies. Interestingly enough, the overall lowest energy exhibits a configuration with N anti-sites, which is ≈ 17 meV/at. more favourable than the Cr vacancy configuration. Nevertheless, since this differences are in the range of thermal vibrations at room temperature k B T ≈ 25 meV, we predict that Cr vacancies in addition to N anti-sites are to be expected in experimental samples with N-rich compositions at room temperature.
Finally we note that for stoichiometric CrN our calculations clearly favour a perfect crystal to structures containing Frenkel defects (an interstitial-vacancy pair), vacancies or anti-sites.
The predicted cubic lattice parameter of the pm-CrN as a function of the N content is shown in Fig. 1b together with experimental and calculated data from Ref. [25] . Our predictions exhibit slightly slower decrease of the lattice parameter with decreasing N content as compared with the experimental data, while the previously published calculated lattice parameter shows more rapid decrease. We ascribe this difference to the fact that the calculations in Ref. [25] were performed on rather small supercells (16 atoms as compared with 64 used in the present work) and neglecting the magnetic effects. The discrepancy between the here predicted and experimental slope can be rationalised by the fact that the vacancies are randomly distributed in our structural models while experimentally they were reported to be ordered [25] .
The calculated evolution of the N K-edge (N 1s →2p transition) ELNES with increasing amount of N vacancies is shown in Fig. 2a . The spectra are averaged over all N sites in the supercell, and are normalised to the intensity of the first peak at about 2 eV. The spectra of the cubic phase exhibit also a second peak at about 12 eV, whose intensity gradually decreases with increasing amount of the nitrogen vacancies. This is qualitatively the same behaviour as observed in experiments [25] . A comparison of the calculated N K-edge with the density of states projected on N p-and Cr d-states revels two facts. Firstly, N K-edge corresponds well with the (strongly) broadened N p-PDOS (similarly to e.g., previous reports for Ti 1−x Al x N [36] ). This is, however, expected as the unoccupied N p-states are the final states of the N K-edge excitation. The small peak at around 10 eV above the Fermi level is responsible for the shoulder at the lower-energy side of the second N K-edge peak, hence causing its asymmetry. Secondly, the unoccupied N p-states are well hybridised with the Cr d-states, which is related to formation of bonding and anti-bonding sp 3 d 2 orbitals (the latter in the conduction band). Hence, when N vacancies are introduced, this hybridisation becomes weaker which is reflected by broadening of the peak at around 10 eV above the Fermi level together with lowering the peak intensity of the second PDOS peak at ≈ 13 eV above Fermi level. Consequently, the amount of states in the region of the second N K-edge ELNES peak becomes smaller with increasing N vacancy content, causing the corresponding intensity drop. The curves in Fig. 2 represent macroscopic trends since they were obtained by averaging the ELNES or PDOS curves over all N or Cr sites. However, the same trends as described above are present also in a single defected cell in which N and Cr atoms with different numbers of the second and the first nearest neighbours, respectively, exist due to the presence of vacancies. This is clearly demonstrated in Fig. 3 showing that when the excitation takes place on a N atom with a bulk-like environment, the N K-edge ELNES resembles that of perfect CrN, while N site with a high amount of N vacancies in its neighbourhood results in splitting of the second peak (compare Figs. 3a and 3b) .
The N K-edge onset could be estimated as a difference in the total energy of an unperturbed (initial state) and excited (final state with a full core hole) system [36] . This analysis yields values of 395.3, 400.9, and 401.1 eV for CrN, CrN 0.875 , and CrN 0.75 , respectively. Although the absolute values do not agree with the data from Ref. [25] , the trend that the edge onset increases with the N vacancy concentration is well reproduced. The same procedure applied to CrN 2 yields a valued of 401.7 eV for the N K-edge onset. Again, the qualitative fact that N Kedge onset increases from CrN to CrN 2 agrees well with the observations reported in [30] .
In Ref. [25] it is argued that the increased number of N vacancies leads to an increased metallic character of the compound. We have performed Bader's analysis [37] to quantify the charge transfer from Cr to N atoms. In perfect CrN, approximately 1.45 e/at. is transferred from Cr atoms (hence making them positively charged cations) to N atoms (thus becoming negatively charged anions).
When performing the same analysis in a supercell with 25% of N sites being vacant, the average extra charge on remaining 75% N sites is ≈ 1.43 e, i.e. it remains almost unchanged with respect to the N sites in CrN. For the cell to be neutral this means that each Cr site looses on average a smaller fraction of its charge (≈ 1.08 e), consequently leaving more charge "available" to participate in metallic boding. The strong dependence of the charge transfer on the local environment is presented in Fig. 4 . Although the data are somewhat scattered, a trend that the charge transferred from a Cr site is proportional to the number of N nearest neighbours is envisioned (see the dotted linear fit in Fig. 4 ). The larger scatter for the Cr sites next to vacancies suggests that also the longer range interactions are not negligible. We therefore conclude that it is directly the vacancy-altered charge transfer which yields reduced ionic and profound metallic bonding character rather than changed lattice constant reduction as speculated in Ref. [25] . To strengthen our conclusions, we have performed a number of additional calculations (not shown here): The N K-edges are almost identical irrespective of whether L(S)DA or generalised gradient approximation (GGA) [38] is used for the exchange-correlation effects. On the other hand, to neglect the magnetic nature of CrN seems to be much more serious: each of the two main N K-edge peaks splits into two when CrN is treated non-magnetically. For the ferromagnetic arrangement of spins, the resulting edge shape is very close to the paramagnetic-state curve.
CONCLUSIONS
We have performed an ab initio study on stability of point defects in CrN and the electronic structure changes induced by N vacancies. Our calculations of energy of formation and lattice parameters confirmed that the experimentally observed N understoichiometry is likely to be related to N vacancies rather than to any other point defect. Simulations of a N K-edge ELNES evolution with amount of N vacancies yields the same behaviour as observed previously by transmission electron microscopy: The edge shape has two peaks separated by ≈ 10 eV. With the increasing content of N vacancies the relative intensity of the second peak (with respect to the first peak) decreases, and a shoulder at its lower-energy side increases. We ascribe these changes to the decreased hybridisation of N p-and Cr d-states, and a decreased ionicity as more N vacancies are present. Our results demonstrate the strong dependence of ELNES on the local environment of a site where the excitation takes place.
